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INTRODUCTION
It has become clear that the mammalian genomes encode many lncRNAs with diverse functions in development and disease [1] [2] [3] [4] [5] [6] . Recent work has begun to identify the myriad roles for lncRNAs, including but not limited to forming ribonucleoprotein (RNP) complexes with epigenetic regulatory machinery, transcriptional and post-transcriptional regulation of gene expression, and the formation sub-compartments in the nucleus to mediate higher-order chromosomal architecture [7] [8] [9] [10] [11] [12] [13] [14] . Examples of these phenomena can be observed in Xchromosome dosage compensation in mammals. Several lncRNAs have been shown to recruit epigenetic regulatory complexes (e.g. polycomb) 15, 16 , some of which are brought to the future inactive X-chromosome 17, 18 . Specifically, the lncRNA Xist binds to multiple proteins as a "scaffold" to mediate the silencing of genes on the X-chromosome and affect the higher-order chromosomal architecture needed to establish proper epigenetic silencing 14, 19, 20 .
RNA molecules, have long been known to be key constituents of the nuclear matrix [21] [22] [23] [24] and several noncoding RNAs 24, 25 have been demonstrated to be involved in the formation of nuclear sub-compartments such as the nucleolus and paraspeckles 26 as well as the facilitation of higher-order chromosomal architecture 19, 20, 27 . However, the diversity of lncRNAs mechanisms, their influence on nuclear architecture and consequent cellular roles remain irresolute.
Here, we identify a long intergenic noncoding RNA (lincRNA) termed Functional Intergenic Repeating RNA Element (Firre) that localizes across a 5 Mb domain around its site of transcription. This domain of Firre localization is also in spatial proximity to at least 5 other trans-chromosomal loci within the nucleus. This cross-chromosomal co-localization requires Firre as genetic deletion of Firre results in a loss of spatial proximity between its transchromosomal binding sites. We further identified a unique 156 bp repeating RNA domain in the Firre sequence that is required to both interact with the nuclear matrix factor hnRNPU and localize Firre transcripts in a punctate manner in the nucleus. Strikingly, the knockdown of hnRNPU similar to deletion of Firre locus results in a loss of spatial proximity between the Firre locus and its trans-chromosomal binding sites. Collectively, these findings suggest a model where lncRNAs, such as Firre, can function as nuclear organization factors that interact with and influence higher order nuclear architecture across chromosomes.
RESULTS

Firre is a nuclear-retained and chromatin-associated lncRNA
We previously identified Firre (previously referred to linc-RAP-1) as being required for proper adipogenesis in a loss of function screen in murine adipocyte precursors 28 . A detailed subsequent analysis of Firre revealed many interesting and distinguishing features: (i) a diverse expression pattern of Firre in vivo, with enrichment in neural crest tissues as shown by in situ hybridization (Fig. 1A-I) ; (ii) a conserved intergenic human ortholog located on the X-chromosome (Fig. 1J, K) ; (iii) a unique 156bp Repeating RNA Domain (RRD) that occurs 16 and 8 times in Mus musculus (mouse) and Homo sapien (human) transcripts, respectively, with 96% sequence identity within species and 68% across species (Fig. 1J) ; (iv) numerous alternatively-spliced isoforms with differential inclusion or exclusion of RRD sequences ( Supplementary Fig. 1A , B, Supplementary Table 1 To further determine the subcellular localization of Firre, we used single molecule RNA fluorescence in situ hybridization (FISH) targeting Firre (as described in 29 ). We adopted a dual labeling strategy to independently target the introns and exons of Firre, thus marking the site of transcription on the X-chromosome (intronic probes) and the location of the mature transcripts (exonic probes) separately ( Fig. 2A, Supplementary Table 2 ). RNA-FISH analysis revealed an exclusively nuclear and focal distribution for Firre ( Fig. 2A , Supplementary Fig. 2 ) in all cells tested. Notably, Firre exhibits strong expression foci near its site of transcription in both male and female mouse and human ESCs (mESCs, hESCs) ( Fig. 2A) . We also note that the Firre RNA is localized around its site of transcription, but extend slightly beyond this site in all six human and mouse cell lines tested. Subcellular localization and expression of Firre in cell lines with and without inactive X-chromosomes was similar to that observed in ESCs ( Supplementary Fig. 2 ). Thus, Firre is nuclearlocalized and forms expression foci on both X-chromosomes prior to, and after Xchromosome inactivation.
We tested if over-expression of Firre was sufficient to form the observed endogenous local expression foci. Briefly, we ectopically expressed Firre via retrovirus-mediated integration in human and mouse lung fibroblasts, which do not express Firre (Fig. 2B, Supplementary  Fig. 3A ). We observed many sites of focal accumulation of Firre (Fig. 1B) . We obtained similar results upon ectopic expression of Firre in human cells that endogenously express this lncRNA (HEK293 and HeLa) ( Supplementary Fig. 3A, B) . We repeated the experiments above using isoforms of Firre with (isoform 4; one repeat) or without the RRD (isoform 6). Strikingly, in the absence of RRD, the nuclear localization of Firre is disrupted, and Firre RNA is detected in the cytoplasm (Fig. 2C) . Thus, RRD is required for the focal nuclear localization of Firre.
The Firre locus escapes X-chromosome inactivation
Our observation from RNA-FISH in female mouse and human ESCs and HEK293s led us to hypothesize that Firre might escape X-chromosome inactivation (XCI). To test this, we analyzed the local chromatin environment within the Firre locus using existing chromatin immunoprecipitation (ChIP) data for numerous histone modifications and transcription factors. Several of these data are consistent with Firre escaping XCI: First, we observed an appreciable depletion of LaminB1 across the mouse Firre locus and across the human FIRRE locus in various cell lines (Fig. 1K, 2D ). LaminB1 is a matrix protein involved in nuclear stability and chromatin organization and is known to mark heterochromatin. The domain of LaminB1 depletion extends precisely across the body of the Firre gene but not into the upstream or downstream regions. Second, the Firre locus is specifically and significantly (p<1.0×10 −8 ) depleted of trimethylated histone 3 lysine 27 (H3K27me3) in differentiated mESCs and in human cells prior to and after X-chromosome inactivation (Fig.  2D) . Third, the Firre locus is enriched for trimethylated histone 3 lysine 4 (H3K4me3) with and without Firre transcription (Fig. 2D) . Finally, we observed a striking pattern of CCCTCbinding factor (CTCF) (Fig. 2D ), which can function as an insulator between chromatin domains and facilitates inter-chromosomal interactions, localization adjacent to almost every exon of Firre 30 .
To further test the hypothesis that Firre escapes X-chromosome inactivation, we investigated whether Xist RNA itself localizes on the Firre locus upon X-chromosome inactivation. Specifically, we examined the localization of Xist on DNA using data generated by RAP in mouse lung fibroblasts (mLF). In contrast to the enrichment of Xist across most of the X-chromosome 19 , we observed a strong and focal depletion in Xist binding at the Firre locus; similar to what was observed at genes known to escape XCI (Fig.  2D, bottom track) . Interestingly, we note that the Xist-depleted boundaries are consistent with the previously identified boundaries for the lamin-depleted regions. Collectively, these data indicate that the Firre locus escapes X-chromosome inactivation and has a notable enrichment for CTCF and H3K4me3 and depletion for H3K27me3 and LaminB1.
Firre localizes to chromatin in cis and trans
The focal nuclear localization of Firre near its site of transcription led us to identify the direct interactions between Firre and chromatin in the nucleus. To resolve the DNA binding sites of Firre genome-wide, we performed RNA Antisense Purification (RAP) 19 . RAP along with CHiRP 31 , CHART 32 , ChOP 33 provide genome-wide DNA-binding locations for RNAs by cross-linking chromatin and RNA, followed by the targeting and pull-down of a specific RNA using antisense oligos 19 . We performed RAP in male mESCs using two sets of 120 bp antisense probes targeting Firre and two sets of sense probes as negative controls (Supplementary Table 3 ), followed by sequencing to identify genomic regions directly bound by Firre. We observed a ~5 Mb domain of Firre localization around the Firre locus (Fig. 3A) . Strikingly, we also observed five significantly enriched peaks (Cuffdiff2; 1% FDR) of Firre located on chromosomes 2, 9, 15, and 17 that overlap known genes including Slc25a12, Ypel4, Eef1a1, Atf4, and Ppp1r10 (Fig. 3B) . Notably, 4 out of 5 of these genes have previously described regulatory roles during adipogenesis [34] [35] [36] [37] , consistent with our previous study showing the role of Firre in adipogenesis 28 . Expanding this search to regions not overlapping with mRNAs, we observed a total of 34 additional significant (Cuffdiff2; 1% FDR) localization sites for Firre.
Collectively these data suggest that Firre is localized on multiple chromosomes, yet has only one predominant nuclear localization site in male and two in female cells around its site of transcription. These observations suggest two possible models. One possibility is that Firre could be shuttled from its site of transcription to these sites on other chromosomes. Alternatively, the focal localization of Firre to its own genomic locus could serve as a regional organizing factor to bring the trans-interacting sites into the three-dimensional proximity of the Firre locus on the X-chromosome.
Firre trans-chromosomal sites are in spatial proximity
In order to determine the nature of the trans-chromosomal interactions for Firre, we performed single molecule RNA co-FISH in mESCs on the transcription sites of Firre and three of the trans-interacting genes (Slc25a12, Ypel4 and Ppp1r10) (Fig. 4A) . As negative controls, we performed similar RNA co-FISH for Firre and several genes with high expression in mESC that were not detected by RAP as trans targets, (e.g. Pouf51 (Oct4), Nanog and Sox2) (Fig. 4B, Supplementary Fig. 4A ). Remarkably, we observed colocalizations between Firre and all three trans-sites tested: Slc25a12 (73.9% of cells), Ypel4 (79.4% of cells), and Ppp1r10 (78.1% of cells) (Fig. 4A) , and between these trans sites ( Fig.  4C, Supplementary Fig. 4B ). Conversely, we did not observe any co-localization of Firre and unbound targets Oct4, Nanog, or Sox2 (Fig. 4B, Supplementary Fig. 4A ). Thus, these results are consistent with the latter model, where the Firre locus resides in threedimensional proximity to these trans-chromosomal binding sites.
Firre regulates key pluripotency pathways
To determine the functional role of Firre, we generated a Firre knockout male mESC line by deleting the entire Firre locus on the X-chromosome (ΔFirre). Briefly, we introduced loxP sites in the 5′ and 3′ of the Firre locus by a two-step targeting strategy. Then, we infected the cells that harbor this locus with a Cre plasmid and clonally selected the cells with the proper deletion. Comparison of wild-type and ΔFirre growth rates revealed a marked retardation in growth rate and colony formation (Fig. 5A, B) . We also note an intermediate growth defect when the cells were grown on a mouse embryonic fibroblast feeder layer (Fig.  5A) . The ΔFirre cells on feeders were able to form bigger and more colonies in the same amount of time when compared to the ΔFirre cells grown without feeders (Fig. 5A) .
To identify the gene-pathways and molecular signature that are altered upon deletion of Firre, we conducted massively parallel RNA-sequencing (RNA-Seq) comparisons between wild-type and ΔFirre. Briefly, RNA was isolated from three wild-type (WT) and two ΔFirre replicate cultures and subjected to paired-end illumina sequencing to a mean depth of ~9×10 6 fragments aligned per replicate. We identified 1077 genes with significant differential expression (Cuffdiff2; 5% FDR) between the WT and ΔFirre mESCs (Fig. 5c) . Preranked GSEA analysis demonstrated that ΔFirre cells were significantly enriched (p<0.01) for genes involved in extracellular matrix organization, and cell surface receptorligand interactions (Fig. 5d ) Conversely, ΔFirre mESCs were depleted for genes involved in mRNA processing, nuclear export, and electron transport chain mediated energy metabolism relative to WT (Fig. 5d) . Notably, we observed an increase in Tgfβ signaling in the ΔFirre mESCs (Fig. 5e ). Interestingly Tgfβ signaling is known to be a potent inhibitor of adipogenesis 38 , consistent with our previous observation that knockdown of Firre strongly inhibits adipogenesis in mouse preadipocytes 28 and growth defects observed in mESC cultures (Fig. 5a, b) .
We next tested whether or not the Firre trans localization sites were affected by the absence of Firre. We did not observe a global enrichment for the five trans-site genes in the list of significantly differentially expressed genes (p<1.0; Hypergeometric test). We did observe one key exception, Ppp1r10, one of the 3 validated trans-sites, that was significantly decreased (Cuffdiff2; 1% FDR) in the ΔFirre cells relative to WT. However, we cannot preclude the possibility of perturbations to mRNA stability, translation, or processing at any of the remaining trans-sites.
Firre binds hnRNPU in an RRD-dependent manner
We next turned to identify proteins that interact with Firre that might mediate its 5Mb Xchromosome localization. As a first approach to identify the candidate protein partners of Firre, we performed RNA pull-down assays in mouse ESC and adipocyte lysates by biotinylating the RNA, either by body-labeling (in vitro transcription) or 3′ end-labeling (pCp-biotin), followed by mass-spectrometry. Unrelated ncRNAs (sense and antisense telomerase RNA TERC) were used as negative controls ( Supplementary Fig. 5A ). To identify proteins that preferentially co-precipitated with Firre in an RRD-dependent manner, we used five different RRD-positive isoforms and one RRD-negative isoform and took the difference between the peptide counts of the RRD-positive and RRD-negative isoforms ( Supplementary Fig. 5B ). We repeated the differential analysis for each of the five isoforms and took the top 10% of the differential peptide count scores for each isoform identified in both mESC and adipocyte lysates. Based on the highest unique peptide counts, we identified 8 candidate proteins that physically associate with Firre in an RRD-dependent manner ( Supplementary Fig. 5C ).
The highest ranked candidate from this analysis was heterogeneous ribonucleoprotein U (hnRNPU) ( Supplementary Fig. 5C ). hnRNPU was of particular interest because it is required for the proper localization of Xist, interaction with the scaffold attachment regions on DNA, and the formation of highly structured chromatin territories [39] [40] [41] . To confirm the interaction between hnRNPU and Firre, we repeated the RNA pull-down experiments described above, and assayed for hnRNPU via Western blotting. In both mESC and adipocyte lysates, hnRNPU co-precipitated with Firre, but not with the negative controls ( Fig. 6A, Supplementary Fig. 5D ). We further tested additional hnRNP family members and found either no association or association independent of RRD ( Fig. 6A, Supplementary Fig.  5D ). Together these data suggest that Firre associates with hnRNPU.
To test if the Firre RRD element is required and sufficient to interact with hnRNPU, we performed RNA pull-downs using single and double copies of the mouse and human RRD sequences in mESC lysates. We observed binding of hnRNPU to both mouse and human synthetic RRD constructs (Fig. 6B, panel 1) . Finally, western blot analysis confirmed that hnRNPU binds to the Firre isoform harboring RRD but not to the ΔRRD isoform (Fig. 6B , panel 2). To determine if the hnRNPU-Firre interaction is biologically relevant at endogenous levels, we captured endogenous Firre using complimentary DNA oligos and confirmed that hnRNPU co-purifies specifically with the lncRNA (Fig. 6B , panels 3&4, Supplementary Fig. 6 ).
To further validate the hnRNPU-Firre interaction, we performed the reciprocal experiment: RNA immunoprecipitation (RIP) targeting hnRNPU. Consistent, with the RNA pull-downs, we found strong enrichment of Firre relative to IgG controls after normalization to total input (Fig. 6C) . Finally, analysis of publicly available data from UV-crosslinked RIP targeting hnRNPU verified that Firre directly and specifically binds to hnRNPU (Fig.  6D) 42, 43 . Collectively, these results suggest that Firre interacts with hnRNPU, and that the RRD is both required and sufficient for this interaction. \
hnRNPU is required for focal localization of Firre
Based on the requirement for RRD in establishing the proper localization of Firre and its interaction with hnRNPU, we investigated whether hnRNPU, in turn, regulates the spatial expression of Firre. Briefly, we transfected siRNAs targeting hnRNPU in mouse (mESC) and human (HEK293 and HeLa) cell lines and observed a >90% decrease in hnRNPU expression ( Supplementary Fig. 6C ). We confirmed the previously described role of hnRNPU in Xist localization in HEK293 cells ( Supplementary Fig. 6D ). Following the knockdown of hnRNPU, we repeated RNA-FISH targeting Firre as above. In all cell lines tested, we observed a strong delocalization of Firre and in several instances even translocation into the cytoplasm (Fig. 6E, F) . Thus, both RRD and hnRNPU are required for the proper focal and nuclear localization of Firre and its retention in the nucleus.
hnRNPU is required for proximal trans-localization of Firre
Having found that hnRNPU regulates the specific localization of Firre, we next tested whether hnRNPU is required to maintain the proximal localization of the Firre locus and its trans-chromosomal localization sites. To this end, we repeated the RNA co-FISH between Firre and either Slc25a12 or Ypel4 upon siRNA-mediated depletion of hnRNPU in mESCs. In both cases, we observed a considerable decrease in co-localization of each trans-site with Firre in the absence of hnRNPU (Fig. 7A) .
Firre is required for trans-chromosomal co-localization
To test the functional contribution of Firre to trans-chromosomal co-localization, we repeated the co-FISH experiments between the trans sites in male ΔFirre mESCs. Strikingly, the Ppp1r10 and Ypel4 gene loci no longer co-localize in the absence of Firre (Fig. 7B ) (15% co-localization in ΔFirre (panel 2) relative to 72% in wild-type (panel 1)), thus suggesting a requirement for the Firre gene locus facilitating the formation of crosschromosomal interactions in mESCs. Furthermore, we do not observe co-localization of trans-sites in mLFs that do not express Firre (Fig. 7C, panel 3) . Collectively, the above results suggest a potential role for Firre, along with hnRNPU, in either maintaining or establishing higher-order nuclear architecture.
DISCUSSION
Here, we have identified and characterized a novel ncRNA RNA gene, Firre, that has important roles in both cell physiology and nuclear architecture. The numerous properties of Firre shed new insights into: how RNA sequences can result in both cis and trans localization on chromatin, how these interactions between specific RNA sequences and nuclear matrix factors influence nuclear organization, and how these RNA-protein interaction properties summate to modulate properties of higher order nuclear architecture and the subsequent consequences to cell physiology.
Together these observations propose an intriguing model, in which Firre, and potentially many other lncRNAs 13, 22, 27, [44] [45] [46] [47] , function as nuclear organization factors (Fig. 4B) . Specifically, Firre may serve to interface with and modulate the topological organization of multiple chromosomes 9 . Consistent with this model, genetic deletion of Firre, results in a loss of nuclear proximity of several trans-chromosomal loci to the Firre locus. Moreover, the proper localization of Firre requires both a specific 156 bp sequence and a physical interaction with hnRNPU to maintain the multi-chromosomal nuclear interactions. Thus, we propose that lncRNAs, through the interaction with nuclear matrix proteins, such as hnRNPU, might impart specificity in organizing a proper "zipcode" of chromosomal territories within the nucleus. For example, either the chromosomal binding of Firre or sequence specific interactions may serve as a cis localization signal in order to initiate the formation of or maintain sub-compartments within the nucleus. Consistent with our model, two recent studies 19, 20 demonstrate that the Xist RNA uses a "local proximity search" to guide its localization across large expanses of the Xchromosome during X-chromosome inactivation. Here, we broaden this phenomenon and show that these interactions are not merely restricted to a single chromosome but extend across multiple chromosomes in regional proximity. Several other observations in this study highlight potential gene regulatory roles of Firre, mediated by trans-chromosomal interactions. Intriguingly, we observe an array of CTCF binding sites across the Firre locus. CTCF has previously been shown to play a critical role in X-chromosome pairing and counting 48 . Similarly, this array of CTCF binding sites across the Firre locus might further facilitate inter-chromosomal interactions with the 5Mb X-chromosome localization domain. Finally, our study demonstrates that the formation of these cross-chromosomal interactions is altered upon genetic depletion of the Firre locus.
This model has several implications for potential new roles for lncRNA-mediated generegulation. For example, lncRNAs could bring genes involved in a similar biological process into close proximity allowing for co-regulation in space and time, serving as nuclear organization factors 19 . This appears to be the case for Firre, where several genes involved in energy metabolism and adipogenesis are organized together in spatial-proximity and are typically co-expressed, consistent with the previously described role of Firre in adipogenesis 28 . Underscoring the physiological relevance of such a model, either genetic deletion or transcriptional depletion of Firre results in the perturbation of cell physiology in both mESCs and adipocytes, respectively 28 . Future studies will require genetic studies in mouse models to further illuminate the role of Firre in mammalian development and disease. The sequence for Firre was scanned for repetitive elements using the ab initio repeat detection algorithm RepeatScout 47 . This sequence was then aligned back to the genome (mm9 or hg19) using BLAT 49 with the following parameters: "-stepSize=5 -repMatch=2253 -minScore=50 -minIdentity=0". Genomic DNA for the hits was extracted and multiply aligned with the Fast Statistical Aligner, a probabilistic multiple alignment tool specifically engineered to accommodate multiple alignment of sequences with potentially non-uniform evolutionary constraint 50 . Fast Statistical Alignment uses pair hidden Markov models to estimate gap and substitution parameters for the multiple alignment scoring function, improving alignment robustness.
Cloning Firre
Total RNA ( The products were checked on 1% agarose gel. Nested PCR was performed when necessary using purified PCR products instead of cDNA. Longer isoforms were gel purified and then subjected to the following cleaning steps. The PCR products were purified using SPRI beads (Beckman Coulter, #A63880), following the instructions in the manual. SPRI beads were added to the PCR product and incubated at room temperature for 2 minutes. The mix was put on a magnet for 4 minutes and the supernatant was removed. The beads were washed with 100 μL of 70% EtOH for 30 seconds twice and placed at 37°C for 5 minutes until the beads appeared dry. The PCR product immobilized on the beads was eluted with 30 μL of water on the magnet for 5 minutes.
The purified PCR product was quantified and used in BP reactions. The amount of DNA to be added was calculated as described in the Gateway cloning manual (Invitrogen). The BP reaction was set up according to the BP Clonase II instructions (Life Technologies, #11789020).
For transformations, 1 vial of Omnimax 2T1R (Life Technologies, #8540-03) cells were used for four BP reactions. The steps outlined in the Omnimax 2T1R manual were followed. The transformation plates were incubated at 37°C overnight, and the colonies were sequenced through Genewiz. When the inserts were verified, the plasmids were prepared using the Qiagen mini-prep kit (Qiagen, #27104).
In situ hybridization
The Firre probe was generated by PCR from adult brain cDNA and subcloned in pCRII-TOPO (Life Technologies, #K4610-20). The antisense riboprobe was generated by in vitro transcription using SP6 polymerase (Roche Applied Science, #10810274001) as previously described 51 . For non-radioactive in situ hybridizations, staged embryos were dissected in 1X PBS (Invitrogen) and fixed in 4% paraformaldehyde overnight at 4°C. For E14.5 crosssections, embryos were washed overnight at 4°C in 30% sucrose/PBS followed by 1:1 ratio of 30% sucrose/OCT Clear Frozen Section Compound (VWR, #95057-838) for 1 hour. Embryos were then placed in fresh OCT, frozen and stored at −80°C until sectioning. Frozen serial sections, 20 μm thick, were prepared using a HM550 cryostat (Thermo Scientific) and mounted onto Superfrost Plus slides (VWR #48311-703). Sections were permeabilized with 10 μg/ml proteinase K (Roche Diagnostics) for 10 minutes, washed with 1X PBS, treated 10 minutes in RIPA buffer and cross-linked again for 5 minutes in cold 4% paraformaldehyde. Sections were then pre-hybridized for 1 hour at room temperature at 70°C (50% formamide, 5X SSC, 5X Denhardts, 500 μg/ml Salmon sperm DNA, 250 μg/ml Yeast RNA) and then incubated overnight at 70°C in the same solution containing 2 μg/ml of DIG-labeled riboprobe. Sections were washed, blocked 1 hour with 10% sheep serum and incubated overnight at 4°C with 0.375 U/ml alkaline phosphatase-labeled anti-DIG antibody (Roche Diagnostics). Signal was detected by exposing sections to NBT-BCIP (Sigma #B1911), 0.1% Tween-20. Reaction was stopped with washes in 1X PBS supplemented with 0.1% Tween-20, and sections were mounted in Fluoromount-G (Southern Biotech #0100-01). The E14.5 whole embryo cross-section image (Fig. 1C) was taken from the Eurexpress Database (Assay ID #euxassay_013928, www.eurexpress.org). Non-radioactive in situ hybridizations of E15.5 embryo brains were performed on 40 μm vibratome sections (Leica) mounted on Superfrost Plus slides (VWR) using reported methods 52 . Sense probes were used as negative controls in all experiments. The PCR primers used to generate the Firre probe and the Firre riboprobe sequence used for the hybridizations are listed in Suppl Table 4 :
Cellular fractionation
The cells grown in 15 cm dishes were washed with 5 mL of 1X PBS and trypsinized with 3 mL of TrypLE (Invitrogen) at 37°C for 3-5 minutes. The trypsin was quenched with 5 volumes of ice-cold growth media (DMEM (Invitrogen), 10% FBS (Invitrogen), 1% PenStrep (Invitrogen), and 1% L-Glutamine (Invitrogen)) and the cells were pelleted at 200xg for 3 minutes and resuspended in 1 ml of ice-cold 1X PBS. The resuspension was centrifuged at 200xg for 10 minutes at 4°C. The supernatant was carefully removed without disturbing the pellet; the remaining packed pellet volume was estimated for the next steps. The pellet was resuspended in 5 packed pellet volumes of ice-cold cytoplasmic extraction buffer (20 mM Tris, pH 7.6 (Ambion), 0.1 mM EDTA (Ambion), 2 mM MgCl2 (Ambion), 1X protease inhibitors (VWR), 0.5 U/μL RNaseOUT (Invitrogen)). The cells were incubated first at room temperature for 2 minutes then on ice for 10 minutes. The cells were lysed by adding CHAPS to a final concentration of 0.6%. The sample was then homogenized by passing it through a 1 ml syringe and centrifuged at 500x for 5 minutes at 4°C. The 70-80% of the supernatant was taken and saved at −80°C; this was the cytoplasmic fraction. The remaining supernatant was carefully removed and the pellet was washed with cytoplasmic extraction buffer supplemented with 0.6% (w/v) CHAPS. The sample was centrifuged at 500xg for 5 minutes at 4°C, and the entire supernatant was discarded. The wash step was repeated one more time. The pellet was then resuspended in 2 packed pellet volumes of nuclei suspension buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.15% (v/v) NP-40, 1X
protease inhibitors, 0.5 U/μL RNaseOUT). The nuclear suspension was layered on 5 packed pellet volumes of sucrose cushion (10 mM Tris, pH 7.5, 150 mM NaCl, 24% (w/v) Sucrose, 1X protease inhibitors, 0.5 U/μL RNaseOUT) and pelleted at 14,000 rpm for 10 minutes at 4°C. The supernatant was discarded and the pellet was washed with 10 packed pellet volumes of ice-cold 1X PBS supplemented with 1 mM EDTA. The sample was then centrifuged at 500xg for 5 minutes at 4°C. The pellet constituted the nuclear fraction.
Fluorescence In Situ Hybridization (FISH)
The FISH protocol was followed as described previously 29 . Briefly, oligonucleotide probes targeting and tiling the intron of Firre were conjugated to Alexa594 fluorophores, and the probes targeting and tiling the exon were conjugated to tetramethylrhodamine (TMR) and HPLC purified. Before the hybridization, the adherent cells were fixed (10 minutes with 4% formaldehyde) and permeabilized with 70% EtOH in two-chamber coverglasses. mESCs and hESCs were fixed in solution after they were collected from the plate: the cells were incubated at room temperature in 2% formaldehyde solution for 10 minutes, followed by centrifuging at 1000xg for 3 minutes. The cells were washed with 1X PBS twice with centrifuging at 1000xg for 3 minutes in between. The cells were permeabilized with 70% EtOH. The ESCs were then plated on gelatinized coverglasses. Prior to the hybridization, the cells were rehydrated with the wash buffer containing 10% formamide (Ambion, #AM9342) and 2X SSC (Ambion, #AM9765) for 5 minutes. Then the probes (0.5 ng/μL final) were hybridized in 10% dextran sulfate (Sigma, #D8906), 10% formamide, and 2x SSC at 37°C overnight. After hybridization, the cells were washed in wash buffer at 37°C for 30 minutes twice (with the addition of DAPI in the second wash), followed by washing with 2X SSC twice. The imaging was done immediately after using 2X SSC as the mounting medium.
The same protocol was followed for the co-FISH experiments. The probes targeting and tiling the introns of the trans sites (Slc25a12, Ypel4, Ppp1r10) were conjugated to Quasar570. Co-FISH assays were conducted as indicated in wild type male mESC, ΔFirre male mESC, or mLF. Quasar670 was used as an additional fluorophore when working with three colors and trans sites: Quasar570 and Quasar670 were used together when staining for trans sites.
Actinomycin-D treatment
Actinomycin-D (Act-D) (Sigma, # A9415-2MG) was resuspended in DMSO with a final concentration of 2 mg/mL. Act-D was thoroughly mixed with the 2I media (2 μg/ml) and added on the male mESCs at 0, 1.5, 3, and 6 hours.
RNA Antisense Purification (RAP) Analysis
RAP was performed as described 19 . Briefly, the RNA of interest is tiled with 120 bp antisense nucleotides that have been biotinylated. Two distinct pools of antisense probes targeting Firre and one pool containing sense probes (negative control) were generated. The hybridization was done in duplicate crosslinked and precleared lysates with 20 ng (350 fmol) of oligos. The oligos were then captured by streptavidin beads and, the elutions for RNA and DNA were performed. Consistent with standard ChIP-Seq assays duplicate pulldowns were performed and sequenced to control for technical variability.
For X-chromosome enrichment analysis (Fig. 3A) , the X-chromosome was divided into 10Kb bins and a linear regression of counts per bin was performed against each replicate and the input control. The slope of the linear regression was used as a normalization factor (alpha) between the two libraries. Enrichment levels relative to input were calculated by dividing the experimental counts for each bin by the input counts times alpha.
To identify significant regions bound by the Firre RNA in trans, we used the Scripture peakcalling algorithm 53 to call significant peaks across each of the replicate sequencing bam files, including the input control and anti-sense control. All peaks were merged using the Bedtools mergeBed 54 program to obtain the universe of significant peaks across all samples.
A .gtf file of significant peaks, along with the replicate .bam files for each of the samples was used as input for Cuffdiff2 26 for quantification and differential testing. Cuffdiff2 was run using default parameters with the addition of the '--no-length-correction' argument to disable length correction. Significant peaks were called using the Cuffdiff2 test-statistic with p<0.1.
Retroviral Overexpression of Firre
The overexpression vector for overexpressing Firre was made by modifying the pLenti6.3/TO/V5-DEST (Snap Gene) destination vector. We modified by removing the WPRE, the SV40 promoter and the blastacidin resistance gene, keeping the gateway tails the same, to prevent any interference with the lincRNA structure and function. All the transductions were done as follows: the cells were split into 12-well dishes and resuspended in media with 4 μg/mL polybrene. Immediately after, 100 μL of virus (of the same titer; if not the same titer, the volume was adjusted accordingly) was added to each well. The untransduced control was used to measure the overexpression levels by qRT-PCR. The sequences of the isoforms 1.1 (+RRD), 1.4 (+RRD), 1.6 (-RRD) used for mouse transductions are in Supplementary Table 1 (bed file) and the sequence of the human isoform used for HEK293 and HeLa transductions is given in Suppl. Table 4 , 25030-164) . The plating density of mES cells was chosen to be 30,000-50,000/cm 2 . Adipocytes were grown as described previously 28 .
Pull-down with in vitro biotinylated RNA
The cloned in transcript in pdest14 plasmid vector was linearized with Nhe1. Phenolchloroform extracted and ethanol precipitated template was then used in in vitro transcription, which included: 20 ug/ml DNA template, 40 mM Tris (pH 7.9), 2.5 mM Spermidine, 26 mM MgCl 2 , 0.01% Triton X-100, 8 mM GTP, 5 mM ATP, 5 mM CTP, 1.3 mM UTP, 0.7 mM Bio-16-UTP (Epicentre), 5 mM DTT, 20 mM MgCl 2 , RNAseOut 80 U/ml, 20 U of T7 RNA polymerase (Life Technologies, #18033-019). The mix was incubated at 37°C until a white precipitate formed. After the reaction reached completion, 60 mM-final EDTA was added to dissolve the precipitate. Due to the biotin, RNA will partition into the organic layer if it is phenol-extracted. Therefore, the in vitro transcriptions were first treated with DNase (Worthington, #LS006353) (37°C for 10 minutes followed by EDTA addition and 75°C for 10 minutes), then cleaned with the Bio-Spin 30 columns (BIO-RAD, # 732-6231).
For end labeling, the in vitro transcribed RNA (without labeled UTPs) was treated with the 3′ end biotinylation kit of Thermo Scientific Pierce (#20160).
The lysate was prepared by lysing 15 cm dishes into 1 ml of lysis buffer (150 mM KCl, 25 mM TRIS-HCl pH 7.4, 5mM EDTA, 5 mM MgCl 2 , 1% NP-40, 1X protease inhibitor, 0.5 mM DTT, 100 U/ml RNAseOut) for 30 minutes at 4°C. The lysate was centrifuged at 13,000 rpm for 30 minutes and filtered with 0.45 um filter. The concentration of the lysate was measured by BCA protein assay (Thermo Scientific, # 23225).
For the pull-down, 1.5 mg of the lysate was initially pre-cleared with the Magnetic MyOne Streptavidin T1 beads (Life Technologies, #65601) for 30 minutes at 4°C. The beads were prepared as described in the manual. The precleared lysate was 2X diluted and supplied with 0.1 μg/μl tRNA, to which 30 pmoles of biotinylated RNA was added. The RNA was incubated in the lysate for 2 hours at 4°C rocking, after which 40 μl of MyOne Streptavidin T1 beads was added to the mix. The mix was incubated for another hour at 4°C. The beads were washed for 3 times (10 minutes each) with 1 ml of the wash buffer (lysis buffer but with 300 mM KCl) on a magnetic rack. Finally, the beads were resuspended in 30 μl of sample buffer (4X, Biorad) and reducing agent (20X, Biorad) and boiled for 5 minutes at 95°C. The samples were then run on 4-12% gradient Bis-Tris gels and stained with Sypro Red as described (Life Technologies, #S-12000) for protein detection and mass spectrometry or were transferred to a PVDF membrane for Western blotting.
The mass spectrometry analysis was done as follows: The eluates from RNA pull-downs done in three different cellular contexts (mouse adipose tissue, mouse adipocyte, and mESC lysates) using five different RRD+ isoforms and one RRD-isoform were run on a gel as described. The bands that are differential between RRD+ and RRD-isoforms were cut and processed for mass spectrometry. To identify proteins that preferentially co-precipitated with Firre in an RRD-dependent manner, we took the difference between the peptide counts of the RRD+ and RRD-isoforms. We repeated the differential analysis for each of the RRD+ isoforms and took the top 10% of the differential peptide count scores for each isoform identified in both mESC and adipocyte lysates.
The transfer for Western blotting was done in transfer buffer that was prepared in the following ratios: 100 ml of 10X TG (Biorad), 200 ml methanol and 700 ml ddH 2 O. The membrane was activated in methanol first and equilibrated in transfer buffer prior to transfer. The transfer was done at 70 watts for 1 hour. After the transfer, the membrane was washed with methanol for blocking and incubated with the primary antibody diluted in 1:1000 in 0.1% Tween, 1% non-fat milk, and 1X PBS for 4-5 hours at RT or 4°C O/N. Following the primary antibody incubation (human hnRNPU (3G6): SantaCruz sc-32315 (reactivity with the species is validated and shown on the Santa Cruz website), mouse hnRNPU: Abcam ab20666 (validated by 55 ), the membrane was washed 3 times with wash buffer (1X PBS supplemented with 0.1% Tween) and then incubated with the secondary antibody for 1 hour at RT. The membrane was washed again 3 times with wash buffer and then developed using SuperSignal West Chemiluminescent Thermo Scientific reagents. 20% of the input lysate was used for all the Western blots (Fig. 6A , B, Supplementary Fig. 5D ).
Endogenous RNA pull-down
The 23-25 bp oligos (sequences in Suppl. Table 4) were synthesized with 18S linker and desthiobiotin at the 5′ end through IDT. The same protocol for RNA-pull downs above was followed, except instead of adding the biotinylated RNA, the DNA oligos were added to the lysate and an annealing step was followed. Annealing was done by incubating the lysate and the oligos at 37°C for 15 minutes, at room temperature for 15 minutes, and at 4°C for 6 hours-O/N. The rest of the steps were the same as above except for these: 1) during the incubation with the beads, heparin was spiked in at 0.5 μg/μL in the last half hour, 2) in the first wash 0.5 μg/μL heparin was spiked in again, and 3) instead of boiling the beads, the RNA and protein were eluted from the beads with 12.5 mM Biotin for 30 minutes at RT and 3 hours at 4°C. The 60% of the elution was used to extract RNA and 40% to run a protein gel.
RNA Immunoprecipitation
The protein lysate (1.5 mg) was incubated with 6-8 μg of the hnRNPU or IgG antibody (hnRNPU (3G6): Santa Cruz sc-32315, hnRNPU (H-94): Santa Cruz sc-25374 (validation shown on the Santa Cruz website), Anti-hnRNPU: Abcam ab20666, Mouse (G3A1) IgG1: Cell Signaling 5415) at 4°C for 2-3 hours. Then 45 μL of protein G Dynabeads (Life Technologies, #10003D) that were previously washed twice in 500 μL lysis buffer were added to the lysate and antibody mix. The lysate, antibody, and beads were incubated at 4°C for another 2 hours. The beads were washed 3 times (10 minutes each) with 1 mL of lysis buffer. The RNA was extracted by adding 1 mL of TRIzol (Life Technologies, #15596-018) to the beads. For the total input RNA, 10% of the input lysate was mixed with 1 mL of TRIzol. For 1 ml of TRIzol, 200 μL of chloroform was added, and the mix was centrifuged at 4°C at 13,000 rpm for 15 minutes. The aqueous layer was then added 1 volume of isopropanol, 1/10 volume KOAc, and 1 μL of glycoblue and kept at −20°C for at least one hour. The samples were then centrifuged at 13,000 rpm at 4°C for 30 minutes. The supernatant was removed and the pellet was washed with 1 mL of ice-cold 70% EtOH twice (centrifuging 2 minutes each time at 4°C). The pellet was then resuspended in 15 μL of RNase-free water.
CLIP-Seq Analysis
We analyzed two human hnRNPU CLIP-Seq datasets generated independently by Huelga et al. (GSE34993) 42 and Xiao et al. (GSE34491) 43 . We downloaded fastq files and aligned using TopHat 56 to hg19 and a custom transcriptome GTF consisting of UCSC coding genes, a recently published lncRNA catalog 57 , and cloned Firre isoforms. We used the RNA-Seq differential expression software Cuffdiff to estimate read counts to Firre in all CLIP and total RNA datasets 26 . We performed a Poisson-based statistical test for enrichment of aligned reads in the CLIP versus total RNA.
RNAi-mediated Knockdown of hnRNPU
mESCs were transfected by the reverse transfection method in 6-well plate format. Briefly, the lipofectamine RNAiMAX (6 μl/well, Life Technologies. # 13778030) and siRNA (50 nM final, Dharmacon On-Targetplus smart pool for mouse (L-051574-01-0005) and for human (L-013501-00-0005)) complexes were prepared in 400 μl of Opti-MEM and incubated at room temperature for 20-30 minutes, during which the mESCs were prepared for splitting. The split was done as follows: the cells were washed with 1X PBS and trypsinized for 3 minutes. The trypsin was quenched by 2I media; the cells were centrifuged for 5 minutes at 850 rpm at 4°C, resuspended in new 2I media, and counted. Approximately 280,000 cells were plated for each well of a 6-well plate. Immediately after, the Lipofectamine/oligo complexes were added to the wells. The media was changed after 24 hours and the cells were harvested after 96 hours for the complete knockdown of the protein (checked by qRT-PCR and by Western blot). The same protocol was used for HEK293s and HeLa cells; however, they were plated at a density of ~21,000 cells/cm 2 .
RNA Extraction
RNA extraction was performed by adding 1 ml of TRIzol to each well of a 6-well plate. 200 μL of chloroform was added, and the mix was centrifuged at 4°C at 13,000 rpm for 15 minutes. The aqueous layer was processed on the RNeasy Mini columns (Qiagen, #74104). The RNA was reverse transcribed using the SuperScriptIII First-Strand Synthesis kit. The cDNA synthesis was performed at 25°C for 5 minutes, 50°C for 1 hour, and 70°C for 15 minutes. Then the cDNA (15 ng per well of the 384 qPCR plate) was added 1:1 to the SYBR and primer mix (100 nM) for qRT-PCR. All the primers used in qRT-PCR are shown in Supplementary Table 4 .
RNA-Seq library preparation, sequencing, and analysis
200ng of extracted RNA from each of 2 ΔFirre and 3 wild-type JM8A male mouse ES cell cultures was used as input for the Illumina TruSeq library preparation kit, using manufacturer's guidelines. Libraries were individually barcoded and library size distribution and quality were assayed using a DNA High-sensitivity Chip on the Agilent Bioanaylzer 2100. Libraries were pooled and paired-end 35bp fragments were generated on an Illumina MiSeq sequencer to an average depth of 9 Million fragments per sample. Fragments were aligned to the mouse genome (mm9) using Tophat2 58 with default options and the UCSC transcriptome as a reference. Aligned reads were quantified against all mouse UCSC genes using Cuffdiff2 59 with default options. Significantly differentially expressed (DE) genes were selected with an FDR of 5%. Circular representation of DE gene projections onto mm9 (Figure 5f ) was generated using the Circos utility (http://circos.ca/). Since RNA-Seq data are heteroscedastic not normally distributed, we chose to evaluate pathway enrichment by using a preranked GSEA analysis. This was conducted by using the GSEA tool 60 with a list of all genes ranked by cuffdiff2 test statistic (KO/WT), against the c2.cp.reactome.v4.0.symbols.gmt gene set collection (MSigDB, Broad). Gene sets were selected as significantly enriched if the nominal p-value was less than 0.01.
Targeting and generation of conditional ΔFirre mESC
To generate ESCs specifically deficient in Firre, a two-step targeting strategy was used to introduce loxP sites in the 5′ and 3′ ends of the Firre locus. Targeting of only one allele was needed to obtain Firre-deficient ESCs as Firre resides on the X-chromosome and male ESCs (JM8) were used. To generate the Firre 3′ targeting construct we amplified the homology arms (primer sequences in Suppl Table 4 ), which were then cloned into the pEASY-FLIRT vector:
In this targeting construct, the neo cassette that serves as a selection marker during the targeting process was flanked by two Frt sites. To generate the Firre 5′ targeting construct, we amplified the homology arms (primers in Suppl Table 4 ), which were then cloned into the newly generated pEASY-Hygro vector:
In this construct, the hygro cassette that serves as a selection marker during the targeting process was flanked by two Loxp sites.
ES cells were maintained under standard conditions and targeted as previously described 30 .
In brief, the vector targeting the 3′ end of Firre was electroporated into C57BL/6 ES cells (JM8) and grown under selection with neomycin. Homologous recombinant ES cells identified by PCR analysis were subsequently electroporated with the vector targeting the 5′ end of Firre and grown under selection with hygromycin. Double-targeted ES cells were identified by PCR analysis. To delete Firre, double-targeted ES cells were electroporated with a Cre recombinase expressing plasmid (pGK-Cre-bPA). PCR genotyping was used to identify clones, in which Firre had been deleted.
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